A well-functioning communication system is essential in an emergency hospital. The first commercial pagers were used in St. Thomas Hospital in London, England, in the mid 1950s (1). Today, most hospitals still rely on alphanumeric pagers and ordinary telephones to reach staff members during an emergency situation.
In general, daily use of mobile phones and other wireless devices had increased rapidly. In hospitals, however, restrictions on the use of wireless telecommunication products are common after reports in the late 1980s and early 1990s of malfunctions in medical devices (MD) because of electromagnetic interference from various electronic equipment and cellular phones (2) . The risk of interference between mobile phones and MDs mainly depends on transmission power, distance to the transmitter, and immunity (construction) of the MD, but signal characteristics, such as frequency and modulation (pulsing), are also important (3) . Today, there are many different telecommunication systems for mobile phones-Wide Area Networks (WANs)-around the world. The predominant second-generation digital telecommunications system used for mobile phones is Global System for Mobile communication (GSM). It is used in the United States, Europe, parts of Asia, and other countries. GSM uses a variant of the Time Division Multiple Access (TDMA) standard. These WAN technologies are also suitable for telecommunication in larger local area networks such as factories, offices, and hospitals.
Several studies have been performed testing medical equipment with signals from analog and GSM signals (4 -6) . Interference tests have also been performed with mobile phones based on other telecommunication technologies (6,7) such as Code Division Multiple Access (CDMA) and other TDMA standards, mostly used only in the United States. For a more accurate and detailed description of all these different telecommunication technologies for mobile phones, we suggest the appendix in the article in Health Physics by Morrissey (8) . The safety distances recommended in some articles vary; however, electromagnetic interference generally occurs only when the cellular phones are in proximity to the MDs (3).
New technologies keep entering the market. Wireless Local Area Networks (WLANs), primarily designed for data communication and often used in laptops and some handheld pocket personal computers, are now partly implemented in a few hospitals, although only a few studies concerning electromagnetic compatibility have been published (9, 10) . In addition, terminals with phone function using WLAN (802.11.b) technology have recently been released on the market. No compatibility studies on MDs have been published in English-language journals for General Packet Radio Service (GPRS)-the data communication protocol for GSM-which can be implemented in the existing GSM network, and the third-generation mobile phones system in Europe Universal Mobile Telecommunications System (UMTS) using the Wideband Code Division Multiple Access (WCDMA) technology with capability to send videophone calls and data.
If these new wireless communication systems can operate in an environment with several MDs without any electromagnetic interference, it will be possible to replace the pager systems and to introduce new mobile services in hospitals.
The aim of this study was to investigate whether electromagnetic interference with the MDs in an intensive care unit (ICU) and operating room (OR) could be noticed when transmitting GPRS, WCDMA, and WLAN signals.
Methods
This study was performed in the OR and ICU at the Karolinska Hospital in Stockholm, Sweden. The study protocol was approved by our local institutional ethics committee. Provocative laboratory tests were made on 76 medical apparatuses (Table 1 ). In addition, clinical tests were performed during 11 operations and almost 100 h in the ICU. About one-third of the equipment was tested in the clinical setting; the ones tested depended on the type of operation and intensive care given in the hospital during the weeks of the tests.
The test procedure was based on the American standard ANSI C63.18 -1997 (11) , which provides health care organizations with a reproducible test method for evaluating the electromagnetic immunity of existing MDs to different radio-frequency (RF) transmitters. The recommended practice applies to most MDs and all portable RF transmitters with output power levels up to 8 W. The standard describes how to evaluate the performance of a MD when being exposed to RF fields. The deviations from normal performance, i.e., alarms, error messages, or distortions of displayed waveforms, are divided into 20 different categories.
The signals used in our tests were WCDMA-Frequency Division Duplex, GSM/GPRS (1800 MHz) transmitting at 4 time slots, and WLAN (IEEE 802.11b). The signal characteristics and output power levels can be found in Table 2 .
The WCDMA and GPRS signals were simulated using base band and signal generators (AMIQ and SMHU 58; Rohde & Schwarz, GmbH, Munich, Germany) connected to a dipole antenna (738 454, 1710 -2170 MHz, gain 2 dBi; Kathrein, Rosenheim, Germany) via a RF amplifier (LS Elektronik AB, Spanga, Sweden) and a 5-m-long cable (Fig. 2) . Using this setup, it was easier to control the signal modulation, frequency, and output power compared with using commercial products. Besides, at the time for the study, no commercial phones were available using the specified characteristics. Before the tests, the output power levels for the GPRS and WCDMA signals were verified using a Rohde & Schwarz power meter.
The WLAN signals were generated by commercial Personal Computer Memory Card International Association (PCMCIA) 802.11b network adapters (Symbol Spectrum 24™, Holtsville, NY). During the WLAN tests, a large file was sent, via a peer-to-peer connection, between two laptop computers. All signals were verified with a spectrum analyzer (Tektronix 7601, Bracknell, UK) during all laboratory measurements. Moreover, before and after every laboratory measurement session, the background electric field strength was measured using a broadband electromagnetic field analyzer (EMR-20; Wandel & Goltermann, Research Triangle Park, NC) to ensure that no strong fields from other sources were present.
Laboratory Tests
The laboratory tests gave an opportunity to test the interference of the MDs in their normal environment without exposing patients to potential danger. Only after ensuring that none of the signals interfered with the tested MDs in a critical way, clinical tests during surgery and intensive care were then performed. The 76 different MDs (Table 1 ) included in the tests were all equipment used in the central ICU, the dialyzing unit, and ORs at the Karolinska Hospital. The MD under test was in operating mode and centered in an empty room, either on its own stand or, when possible, on a nonconducting table.
The transmitting antenna or laptop computer was moved in a circle around the MD. The initial radius of the circle was 2 m. If no interference appeared, the radius was decreased and the test repeated. The same procedure was performed with smaller radii until the transmitting antenna was as close as possible to the MD, which exposed the MD to the highest electric field strength levels because the electromagnetic field is strongest close to the antenna and then rapidly decreases with distance. We also ensured that the transmitting antenna or WLAN adapter was as close as possible to sockets and cable ports because the MDs were expected to be especially sensitive to electromagnetic fields at these points. The flowchart in Figure 1 describes the test procedure. If interference occurred, the transmitting source was moved outwards until the interference stopped. To be considered as an established interference effect from the test signal, the distance to the antenna and the type of interference were to be the same in three consecutive measurements.
Clinical Tests in the Operation Unit
For tests during surgery, we chose operations where as many MDs as possible were used. The tested signals were alternated and transmitted in periods of 15-20 min during the entire operation, sometimes up to 4 h. During surgery, it was not possible to move the transmitting antenna in circles around the MDs as in the laboratory tests. Instead, the transmitting antenna, or laptop computer, was moved around in the OR to cover as many positions as possible in distances as close as possible to the MDs.
Clinical Tests in the ICU
The tests in the ICU were conducted similarly to the tests during surgery. The transmitting antenna and the laptop computer were placed at various locations in the ICU during the course of a day. The tested signals were alternated. In every room, there were between one and three patients, and all patients had several different MDs connected to them. In a normal situation, 3 surveillance monitors, 10 infusion pumps, 2 ventilators, and 1 dialysis machine could be operating simultaneously in each ICU room. Apart from this equipment, diagnostic devices such as ultrasound and radiograph were used during the course of a day. 
Results

Laboratory Tests
The laboratory tests showed that 65 of the 76 MDs (85%) were immune to all signals tested, and only 2 devices showed interference effects caused by the WCDMA and WLAN sources.
For WCDMA and WLAN, interference noise was only detected from the loudspeakers of the two handheld diagnostic ultrasonic Dopplers tested (Table 1) . For WCDMA, the distances between the transmitting source and the Dopplers were 1 and 25 cm, respectively, and for WLAN, the distances were 5 and 50 cm, respectively. These interferences were not considered critical because the Dopplers are diagnostic equipment, and the noise cannot be misinterpreted.
For GPRS, one of the affected MDs malfunctioned in a critical way. At a distance of 50 cm to the antenna, an older infusion pump alarmed, stopped, and had to be reset. The other 10 cases of interference (Table 1) were display distortions and interference noise. The noted interference deviations were interference pattern on three cathode ray tube screens, distortion of electrocardiogram curves on four older patient monitors, and characteristic interference noise from the three ultrasonic devices. The 
Clinical Tests
In the clinical tests, no new types of interference were noticed. During surgery, the only interference noticed was distortion of the curves on a monitor when the GPRS signal transmitting antenna was very close. During intensive care, there was no interference registered for any signal.
Discussion
The most important finding in our study is the minimal interference seen from WCDMA and WLAN (standard 802.11b) signals in these sensitive hospital environments (OR and ICU). Only two diagnostic ultrasonic Dopplers were affected, although we used signals with the highest possible average power levels to create worst-case scenarios. The WCDMA signal transmitted 250 mW, which mostly is intended for data traffic and is twice the power level of most WC-DMA terminals. The GPRS signal in our tests used the maximal number of time slots (4), which give an average power level of 0.5 W. Most GPRS phones transmit at 1 or 2 time slots, which gives lower average output power levels. Complementary tests were for made on 4 MDs, using GPRS with only 1 active time slot (pulse frequency, 217 Hz; average power, 0.125 W). The distances when interference occurred decreased between 30% and 80% compared with the 4-time slot signal. Both UMTS and GSM/GPRS have a feature so the mobile terminals can reduce their output power to the minimum the level required to reach the closest radio base station. In an office building with a well designed in-building network and with a distributed multiantenna system, the GSM mobile terminals average output power levels were reduced to approximately 4% (15 mW) of the maximum level (12) . This power reduction depends on the network coverage and signal conditions that are affected by motion, but because the mobility inside a hospital is limited, this power fluctuation was not considered in this study. Similar reductions can be expected for GPRS and WCDMA signals. Consequently, the risk for electromagnetic interference in a real network will be less than reported in this study.
In 1993, the International Electrotechnical Commission (IEC) adopted an electromagnetic compatibility (EMC) standard for MDs, IEC 60601-1-2, (13). It was specified for RFs up to 1 GHz, and not until September 2001 was a new revision published that extended to cover frequencies up to 2.5 GHz (14) . Hence, many of the electronic MDs used in hospitals today were manufactured before 2001 and have therefore not been tested for the higher frequencies used by, for instance, GSM/GPRS 1800 MHz, WLAN, and WCDMA. All MDs tested in this study were purchased or manufactured before 2001, and the old infusion pump, which was the only MD that malfunctioned critically, was manufactured even before the first publication of the IEC standard. The current EMC standard for MDs specifies a 10 V/m immunity level for life-supporting equipment and a 3 vol/m immunity level for non-lifesupporting equipment. The electric field strength decreases exponentially with distance. Figure 3 presents the calculated (unbroken line) and measured electric field strength levels (points) at different distances from the dipole antenna used (1952.3 MHz; 250 mW). The immunity levels for MDs are the two horizontal lines. As can be seen, the field strength is less than both immunity levels at distances more than 1 m, which means that as long as the MDs are in compliance with the IEC standard, there should be no risk of interference. The dotted line in Figure 3 is shown as an example from an in-building network where the terminals maximal output power is reduced to 15 mW. At this power level, the critical distance for lifesupporting equipment is Ͻ20 cm.
Regarding the curves in Figure 3 , it was surprising that an ultrasound Doppler from 1997 gave interference noises at a distance as far as 4 m from the antenna. However, this device was not CE-marked, which means that it need not have been in compliance with the IEC standard.
Otherwise, all life-supporting equipment tested was electromagnetic compatible with WCDMA and WLAN, even with signal sources in proximity. Consequently, both theoretical data and the present study indicate that WCDMA and WLAN have the capability to replace old-fashioned pager systems. However, this study cannot conclude that interference between the tested signals and MDs can never occur. Thus, we recommend that all hospitals conduct tests according to the American ANSI C63.18 -1997 standard (11) before implementing new telecommunication technologies.
The fact that well-functioning communication systems are of highest importance for a hospital was revealed in an official Australian survey of hospital admissions in the mid 1990s (15) . Communication problems, in a context more inclusive than just technical communication devices, were the most common single reason responsible for (11%) preventable disabilities and deaths and were nearly twice as common as those caused by inadequate medical skill (6%). The numbers of deaths caused by communication problems were approximately 1500 per year. Even if modern telecommunication technologies could contribute to decreasing this figure by only a small percent, many lives can be saved. We have not found any published reports about patients who have died because of an incidence caused by electromagnetic interference in an ICU or OR. It is thus time to put the risk for electromagnetic interference into a proper perspective and instead use the many possibilities offered by new telecommunication technologies. New services could be introduced in hospitals, e.g., constant access to telephones, smart alarm systems, radiograph pictures directly to the doctor via cellular phones, and video consultations with paramedics at an accident. According to one report (16) , there could also be substantial economic advantages. In this report it is suggested that the American health system could save $30 billion per year with improved telecommunications. These figures may be optimistic, but money could be saved if a modern platform for mobile communication were implemented in emergency hospitals. However, the telecommunication companies have to develop terminals designed for hospital applications containing just those functionalities important for hospital use.
Compared with WLAN, UMTS (WCDMA) has the advantage of being designed primarily for both speech and text communication. To receive alarms as text-message and then be able to call back immediately with the same device will be an important improvement (17) . It has a larger data transmission capacity, causes less interference than GSM/GPRS, and is, thereby, suitable to be the technology that replaces the hospital pager systems.
We conclude that these new wireless technologies can be used in most sensitive parts of hospital environments. WCDMA and WLAN (802.11b, 2.4 GHz) cause minimal interference and can be used in ICUs and ORs. Direct contact between MDs and terminals ought to be avoided. For GPRS (1800 MHz), it is recommended that the hospital staff keep a distance of 1 m between the terminals and the MDs. However, medical staff must always be aware of the fact that interference can occur and should know how to recognize it. Hospitals are recommended to have a management protocol determining how to test their MDs regarding EMC and, if necessary, replace old equipment with low immunity. In public areas, such as cafeterias, corridors, and waiting areas, UMTS (WC-DMA), WLAN, and GPRS (1800 MHz) mobile 
